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A STUDY OF THE STABILITY AND LOCATION O F  THE 

CENTER OF PRESSURE ON SHARF', RIGHT CIRCULAR CONES 

AT HYPERSONIC SPliEDS 

By J i m  A. Penland 
Langley Research Center 

SUMMARY 

Analysis of experimental da t a  obtained on various sharp, r igh t  c i rcu lar  
cone models a t  a Mach number of 6.8 and a Reynolds number of 0.22 x 106 per 
inch indicates t ha t  the  Newtonian theory gives good predictions of the longi- 
tudinal  s t a b i l i t y  and performance parameters through a 30° angle-of-attack range 
f o r  cones with semivertex angles l e s s  than bo. 
pressure w a s  found t o  be fixed f o r  a given cone angle and independent of angle- 
of-attack change. A decrease i n  Reynolds number by a fac tor  of 5 made no change 
i n  the longitudinal charac te r i s t ics  of a 5 O  semivertex cone except an increase 
of drag due t o  skin f r i c t ion .  

The location of the center of 

The calculated longitudinal charac te r i s t ics  a re  presented f o r  cones with 
semivertex angles of 2.5' t o  50' i n  Newtonian flow f o r  angles of a t tack  from Oo 
t o  180° with both base area and planform area reference. 

INTRODUCTION 

The i n i t i a l  design of a missi le  o r  reentry configuration requires a knowl- 
edge of the s t ab i l i t y ,  the center-of-pressure location, and the  associated var- 
i a t ions  of these parameters with any change of configuration, angle of a t tack,  
or  Reynolds number. These data a re  necessary i n  order t o  determine the optimum 
center-of-moment location, t o  determine any necessary control surfaces o r  
forces, and t o  calculate f l i g h t  t r a j ec to r i e s .  

One of the many aerodynamic shapes undergoing t e s t s  i s  the  simple conical 
body. 

Considerable force and pressure-distribution data a re  available on sharp 
cones a t  supersonic and hypersonic speeds (refs. 1 t o  17); however, few 
pitching-moment data are available except f o r  cones of s m a l l  semivertex angle. 

The purpose of this investigation w a s  t o  determine at  hypersonic speeds 
the var ia t ion of pitching moment and the  locat ion of the center of pressure of 



sharp cones having semivertex angles of 5’ to wo through an angle-of-attack 
range of -5O to 30° and to compare the results with available hypersonic data 
in air and helium and Newtonian th7ory. 

SYMBOLS 

C A 

CD 

CF 

CL 

CN 

(FA - Fb) axial-force coefficient, 
%%I 

FD ’ 
%SI, 

drag coefficient, - 

1.3286 -- 2 6  Ssq2 average skin-friction coefficient, pi 3 %%a 

FL 
Bo% 

lift coefficient, - 

M pitching-moment coefficient, - 
%SbL 

( 2 ) a a o  
pitching-moment slope, 

FN 
%sb 

normal-force coefficient, - 

maximum or stagnation pressure coefficient cP,max 

FA 

D model base diameter 

axial force along X-axis; positive direction, -X 

Fb base-pressure correction, (p” - pb)% 

FD’ = FN Sin U + FA COS U - Fb COS U 
FL = FN cos a - FA sin u + Fa sin a 

2 



FN normal force along Z-axis ;  posi t ive direction, -Z 

L model length 

L/D l i f t -drag  ra t io ,  cL/cD 

M Mach number 

P s t a t i c  pressure 

Q dynamic pre s sure 

R Reynolds number 

base area of model sb 

S S  t o t a l  surface area, excluding base area 

T temperature 

distance from model nose t o  center-of-moment location xcm 

distance from model nose t o  center-of-pressure location xCP 

x,z body axes 

U angle of attack, deg 

e semivertex angle of cone, deg 

CI dynamic viscosi ty  

Subscripts: 

00 free-stream conditions 

2 l oca l  conditions 

W w a l l  conditi  cpls 

b I model base 

MODEL DESIGN PHILOSOPHY 

A photograph of the models used during the  present t e s t s  i s  shown as  f ig -  
ure 1, and the  geometric details a re  given i n  figure 2. 
w a s  determined by e i the r  the  s ize  of the  tunnel-flow t e s t  area (approximately 
6 X 6 inches), o r  t he  maximum model s ize  t h a t  would allow the tunnel flow t o  

The sfze of each model 
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start. S ta r t ing  of t he  hypersonic tunnel used during the  present t e s t s  i s  
assured i f  the  maximum model s ize  i s  such t h a t  i t s  drag coefficient i s  equal to ,  
or l e s s  than, that of a disk with a diameter of 2.87 inches, which i s  the  maxi- 
mum s ize  of disk that w i l l  allow flow t o  start. The low-drag models were dimen- 
sioned t o  remain within the  flow test area at 
structed of aluminum and were bored out in te rna l ly  t o  reduce the overal l  weights 
and thus t h e  i n i t i a l  t a r e  load interact ions of the strain-gage balances. Based 
on the good correlat ion between the experimental and calculated normal forces 
and pitching moments i n  references 13 and 15, model centers of pressure deter-  
mined by Newtonian theory were careful ly  located with respect t o  the balance 
moment center. With the  model located on the balance i n  t h i s  manner, a minimum 
of pitching moment may be expected on the  balance during tests; therefore, a l l  
forces and moments would be measured with greater  accuracy because of fur ther  
reduction of balance interact ions.  

a = 30°. All models were con- 

APPARATUS AND TESTS 

The t e s t s  were conducted i n  the  Mach number 6.86 test section of the 
Langley 11-inch hypersonic tunnel. 
and hence the  free-stream Mach number of t h i s  tes t  section a re  dependent upon 
the  stagnation pressure. For these t e s t s ,  the average stagnation pressure w a s  
20 atmspheres and the  average stagnation temperature 675' F ( t o  avoid lique- 
fact ion) .  These conditions resulted i n  an average free-stream Mach number of 
6.80 and an average un i t  Reynolds number of 0.220 X 106 per inch. 
humidity was kept t o  less than 1.9 X 10-5 pound of water per pound of dry a i r  
f o r  a l l  tests. 

The tunnel-wall boundary-layer thickness 

The absolute 

In ord5r t o  assure the  best  s t a b i l i t y  r e su l t s  obtainable w i t h  present-day 
methods, several  precautions were taken during these t e s t s .  W e e  strain-gage 
balances were selected f o r  the various models i n  order that the normal and 
axial components would be loaded near maximum through the -3' t o  30' angle-of- 
a t tack range. T o  obtain greater  accuracy near a = Oo, a second t e s t  w a s  made 
of each model through an angle-of-attack range of -5' t o  4O by using the more 
sensi t ive beams of the balance designed f o r  side force and yawing moment and 
yawing the  model i n  t h e  tunnel-flow t e s t  region. This method minimized both 
i n i t i a l  tare loads and a t t i t ude  tare loads, and thus produced data with a bare 
m i n i "  of corrections between recorded outputs and f i n a l  coefficients.  The 
outputs from the  various s t r a i n  gages were continuously recorded on pen-marked 
strip-chart  self-balancing potentiometers and thus gave a posit ive indication 
of a se t t l i ng  out period and any zero shifts due t o  aerodynamic heating. B a l -  
ances were check loaded before and a f t e r  tests t o  assure consistent'  cal ibrat ion.  
With the exception of the tests a t  low Reynolds number, the tunnel operating 
pressures were se t  t o  give maximum blowdown running time; which allowed the 
maximum se t t l i ng  out time f o r  each data point. 

The model base pressures were measured at  three posit ions i n  the plane of 
the angle of a t tack f o r  all t e s t s ,  and the axial-force component w a s  adjusted 
by an average of these measurements t o  correspond t o  a base pressure equal t o  
the free-stream s t a t i c  pressure. I n  all cases the base-pressure correction w a s  

4 



s m a l l  as compared t o  the model a x i a l  force. The data were not corrected fo r  
pitching-moment increments produced by the pressure var ia t ion over the model 
bases, since these increments were found t o  be l e s s  than the accuracy of t he  
balance read-out system. 

a = -3O t o  300 t e s t  

PRECISION OF DATA 

The maximum uncertaint ies  i n  the measurement of the force and moment coef- 

a = -5' t o  4' tes t  

f i c i e n t s  f o r  the individual t e s t  points as a r e su l t  of the inaccuracies i n  
force balance read-out system are presented as follows: 

5 
10 
20 
30 
40 

k0 . oog 
k.007 
i :006 
f.006 
f . 003 

k0.003 
f.002 
f . 002 
f . 002 
f . 002 
f.002 50 k.002 

k0.006 
f.003 
f.003 
+. 006 
f.008 
f.007 

c A 

fo .006 

f.003 
f.006 
f.008 
f .007 

f.003 
f0 .001 
k. 001 
k. OOE * ,002 
f.002 
f . 002 

%.om5 
f .0004 
f . 0006 *. 001 
f. 001 
f.001 

the  

The stagnation pressure w a s  measured t o  an accuracy of kl.5 inches of mer- 
cury, and the Mach number w a s  known t o  fO.01, so t h a t  an accuracy of free- 
stream dynamic pressure of k0.03 pound per square inch resulted. 

THEORETICAL CALCULATIONS 

The calculation of the longitudinal character is t ics  of a var ie ty  of sharp 

The r e su l t s  of 
cones w a s  made by use of the  Newtonian theory of references 13, 18, and 19 with 

these calculations, which include the e f f ec t  of the c i rcu lar  bases with no skin 
f r i c t ion  added, are presented i n  the appendix of t h i s  paper with the coeffi-  
c ien ts  based on both planform area and base area. 

= 2.00 through an angle-of-attack range of Oo t o  180~. CP,m= 

The r e su l t s  of these calculations with skin f r i c t i o n  included are  a l so  
shown on the  p lo t s  of experimental data. 
f r i c t i o n  coefficient w a s  made by use of the following equation: 

An approximation of the average skin- 

which w a s  obtained from reference 20 and modified fo r  cones with the Mangler 
transformation, as suggested i n  reference 21. For the  tunnel conditions under 
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consideration, a constant value of C of 0.86 w a s  taken. The Reynolds number 
used w a s  calculated fo r  conditions on the surface of t h e  cone a t  an angle of 
a t tack of 0'. 
stant  with varying angle of attack. 

The skin f r i c t i o n  estimated by t h i s  method w a s  assumed t o  be con- 

It i s  of par t icu lar  i n t e re s t  t h a t  references 13, 22, and 23 have shown 
t h a t ,  when the contribution of ax ia l  force t o  pitching moment i s  considered fo r  
cones, the r a t i o  of the equations fo r  pitching moment and normal force reduce 
t o  a constant f o r  any semivertex angle:  

Therefore, i n  Newtonian flow the center of pressure i s  independent of angle of 
a t tack f o r  any fixed semivertex angle, and a p lo t  of C,,, as a function of CN 
w i l l  r e su l t  i n  a s t ra ight  l i ne .  

PRESENTATION AND DISCUSSION OF RESULTS 

The experimental r e su l t s  f o r  t e s t s  i n  the  -3' t o  30° angle-of-attack range 
include lift, drag, l i f t -d rag  ra t io ,  pitching moment, normal force, and a x i a l  
force f o r  the axis system shown i n  figure 3 a re  presented i n  figures 4 t o  9.  
These data are shown plot ted against angle of a t tack  and cone semivertex angle, 
along w i t h  curves calculated by Newtonian theory plus  skin f r i c t ion ,  as 
described i n  the section en t i t l ed  "Theoretical Calculations." 

Effect of Skin Frict ion and Reynolds Number 

on Performance Characterist ics 

The magnitude of the  skin f r i c t i o n  and i t s  e f f ec t  on the l i f t -drag  r a t i o  
may be seen i n  f igure 4 f o r  the 5 O  and loo semivertex angle cones by a compari- 
son of t he  viscid and inviscid curves. The in se t  supplementary p lo ts  of axial-  
force coefficient show i n  d e t a i l  the angle-of-attack region up t o  3O. It should 
be noted that the measured axial-force coeff ic ients  and, subsequently, the drag 
coeff ic ients  are higher than can be accounted for by the Newtonian theory. This 
i s  i n  par t  the  r e su l t  of not accounting f o r  induced e f f ec t s  upon pressure and 
skin f r i c t i o n  and the  failure of Newtonian theory at low angles of attack. This 
underestimation, along with a complementary lower prediction of l i f t ,  accounts 
for  the good estimation of l i f t -drag  ra t io ,  par t icu lar ly  fo r  the cones of higher 
semivertex angle 5i.e.) 8 > 20°), where the e f f ec t  of skin f r i c t i o n  i s  negli-  
gible.  A t  a = 0 the exact values of axial-force coefficient from Kopal 
( ref .  24) with skin f r i c t i o n  added a re  given f o r  all cones. With the exception 
of the 5' sedve r t ex  cone, fo r  which the  induced e f f ec t s  are  large,  nearly per- 
f e c t  prediction of ax ia l  force w a s  made. 
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The r e su l t s  of t e s t s  on the  5' semivertex cone at two Reynolds numbers 
based on body length are a l so  presented i n  figure 4. The p lo t  of l i f t -drag  
r a t i o  shows a decrease with a decrease i n  Reynolds number, as w a s  expected from 
the  increase i n  skin f r i c t ion .  A small variat ion of normal force may be noted 
i n  the negative angle-of-attack range, but the pitching moment w a s  essent ia l ly  
unaffected by a Reynolds number change by a factor  of 5. For the cone models 
having semivertex angles under bo ( f igs .  4 and 5 ) ,  the  agreement between 
experiment and theory i s  good. 

For the bo and 50° cones ( f ig .  6) the ax ia l  force w a s  considerably under- 
predicted a t  low angles of a t tack  and overpredicted at  the  higher angles. This 
trend may be seen t o  ex i s t  f o r  some of the l e s s  blunt cones. However, the  
angle of a t tack a t  which the crossover takes place ( i .e . ,  change from underpre- 
dict ion t o  overprediction) varies;  it appears t o  decrease as the angle of the 
cone increases. This trend m i g h t  be expected, inasmuch as Newtonian theory 
overpredicts the ax ia l  force of a 90' semivertex cone ( f la t  p la te )  by about 
15.5 percent at a = Oo. 

Longitudinal S t ab i l i t y  Characterist ics 

The center of moments f o r  a l l  models w a s  a r b i t r a r i l y  selected on the bas i s  
of a sol id  homogeneous cone with the center of gravity located at 75 percent of 
the body length. With t h i s  center-of-gravity location the 5 O  and 100 semivertex 
cones a re  unstable at  angles of a t tack up t o  30° but,  due t o  a rearward movement 
of the center of pressure with increasing cone angle, t he  20° cone i s  s l i gh t ly  
s table  and the 30° t o  Wo cones show considerable s t a b i l i t y  throughout the 
angle-of-attack range tes ted.  
40° and 50° cones, but the predictions were excellent f o r  cones with s m a l l  semi- 

gives excellent predictions of pitching moments with angle of a t tack f o r  cones 
with semivertex angles under 40° through an angle-of-attack range up t o  30'. 
This conclusion could a l so  be drawn from the use of 

derived by Lees ( re f .  25) f o r  unyawed cones at very high Mach numbers. The poor 
predictions of pitching moments f o r  the  40° and 50' semivertex cones at the 
higher angles of a t tack  a re  closely associated with the poor prediction of the 
ax ia l  force. A s  the  lower half  of the  cone (below the l i n e  of symetry) i s  
most e f fec t ive  a t  these angles of attack, the overprediction of ax ia l  force 
means an overprediction of nose down, or  negative, pitching moment due t o  ax ia l  
force. 

The pitching moment w a s  overpredicted fo r  the  

vertex angles. It may be concluded that the Newtonian theory fo r  Cp," = 2.0 

CP,- = 2.08 which w a s  

The var ia t ion of pitching moment with normal force i s  presented i n  f ig -  
ure 7. As discussed previously, the Newtonian theory predicts  the r a t i o  
t o  be a constant, dependent only on cone semivertex angle i f  the  axial-force 
contribution t o  pitching moment i s  considered. For the angle-of-attack range 
up t o  30° t h i s  appears t o  be nearly t rue  f o r  a l l  cones tes ted.  Only the 40° 
and 50° cones show a var ia t ion from the predicted s t ra ight- l ine curves, and 
this as a s m a l l  difference i n  slope. The difference i n  the slope of the 
experimental-pitch-normal-force data and the  theore t ica l  curves indicates a 
var ia t ion i n  the location of the center of pressure. It should be noted tha t  

&/CN 

7 



I 

no signif icant  var ia t ion of parameter 
cone during the  variable Reynolds number t e s t s .  

C&N w a s  measured f o r  the 5 O  semivertex 

Figure 8 presents a composite p lo t  of available hypersonic data (refs. 13, 
15, 16, 17, 26, and as yet unpublished data) i n  air  and he l iumthat  shows the  
var ia t ion of t he  location of the  experimental and theo re t i ca l  center of pressure 
of cones with angle of a t tack and semivertex angle. 

obtained from the  previously mentioned re la t ion  5 = g(1 + tan20) show tha t  

the  center of pressure i s  located at  the two-thirds body s ta t ion  f o r  a cone 
having a semivertex angle of 0' and tha t  it moves rearward so tha t  it i s  located 
a t  the base (100 percent of body length) of a 35.3' cone and 61.8 percent of 
body length downstream of the base f o r  a 50° cone. The center of pressure at 
a = 0' was obtained from the  slope of the curves i n  figure 7 f o r  the present 
data and from similar p lo t s  fo r  the reference data. A comparison of the exper- 
imental data, both i n  a i r  and i n  helium, with the  Newtonian curves shows excel- 
l e n t  agreement f o r  cone semivertex angles up t o  about 30' and a trend of over- 
prediction f o r  t h e  la rger  cone angles which increases with cone angle t o  about 
10 percent of body length f o r  a Too cone. 
center of pressure remains essent ia l ly  fixed f o r  any one model through the 60° 
angle-of-attack range, a s  predicted by the theory. 
data obtained i n  air and helium at  high Mach numbers are comparable. 

The theore t ica l  curves 

cN 3 

The experimental location of the 

It a lso  appears that cone 

The var ia t ion  of the s t a t i c  s t a b i l i t y  parameter \ at a, = 0' i s  pre- 

sented i n  f igure  9 f o r  various cone semivertex angles and center-of-moment 
locations. 
73 percent of body length f o r  the sake of c la r i ty .  For t h i s  center-of-moment 
location, a so l id  cone having a semivertex angle of about 19.4' would be neu- 
t r a l l y  stable.  A l l  cones show improved s t a b i l i t y  with increased semivertex 
angle. With t h e  center of moment located at t h e  cone base, that i s ,  100 per- 
cent of the body length, a cone having a semivertex angle of about 35.3O i s  
neutral ly  stable, as mentioned i n  the discussion on center of pressure. 

Eqerimentd data  a re  presented only f o r  the center of moment at 

CONCLUDING FEMARKS 

Analysis of experimentd data  obtained on various sharp, r i gh t  c i rcu lar  
cone models at a Mach number of 6.8 and a Reynolds nuuiber of 0.22 x 106 per 
inch and a study of other hypersonic data  i n  air  and helium indicate  t h a t  the 
Newtonian theory gives good predictions of the longitudinal s t a b i l i t y  and per- 
formance parameters through a 30' angle-of-attack range f o r  cones with semi- 
vertex angles l e s s  than about bo. 
through a 60° angle-of-attack range the location of the center of pressure 
i s  essent ia l ly  flxed f o r  a given cone angle and i s  independent of angle-of- 
a t tack  change, as predicted by Newtonian theory. 

Furthermore, it may be concluded that 

Although a decrease of 
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Reynolds number by a fac tor  
f r i c t i o n  of a 5O semivertex 
upon s t a b i l i t y  or  center of 

of about 5 increased the axial force due t o  skin 
angle cone by a factor  of about 2.2, no e f fec t  
pressure w a s  obtained. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., January 7, 1964. 
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NEWTONIAN FLOW ABOUT SHARP CIRCULAR CONES 

An extensive set of calculations w a s  made using Newtonian theory, as 
described i n  the  section en t i t l ed  "Theoretical Calculations." The r e su l t s  of 
these calculations are presented i n  f igures  10 t o  20 as a series of p lo t s  of 
the  longitudinal character is t ics  of cones having semivertex angles of 2.5' t o  
50'. The coeff ic ients  shown i n  these f igures  include the  e f fec t  of t h e  forces 
on the  f la t  c i rcu lar  bases at  angles of a t tack  greater  than 90' and the ef fec t  
of both normal and axial forces on pitching moment through the  Oo t o  180° angle- 
of-attack range. No skin f r i c t i o n  w a s  included i n  the calculations. Fig- 
ures 10, ll, 13, 14, and 15 are presented with coeff ic ients  referenced t o  the 
planform area and figures 16 t o  20 are presented with coefficients referenced 
t o  the base area. A stagnation pressure coeff ic ient  of 2.0 w a s  used f o r  a l l  
calculations. 
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Figure 1.- Photograph of models tes ted .  ~-63-2no 
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Figure 2.- Detail dimensions of models. 



Figure 3 . -  Axis system. Arrows ind ica te  pos i t i ve  d i rec t ion .  



(b) e = lo3; %, = 2.28 x lo6. 

Figure 4.- Comparison of longitudinal characteristics of cones having 5" and loo semivertex angles 
with Newtonian theory. M,,, = 6.8. 
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(a) e = 40'; = 0.33 x 106. 

. .L  
- 5  0 5 10 15 20 25 30 

de9 

15 20 25 30 
11, dag 

-5 0 5 10 15 20 25 30 
0 ,  dsg 

(b) 0 = 50°; %, = 0 . 8  X lo6. 

Figure 6.- Comparison of longi tudina l  cha rac t e r i s t i c s  of cones having 40' and 50' semivefiex angles 
with Newtonian theory. & = 6.8. 
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Figure 7.- Variation of pi tching moment with normal force for various cones. & = 6.8. 
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Figure 8.- Variation of the location of center of pressure with angle of a t tack  and semivertex angle fo r  
various hypersonic Mach numbers. 
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Figure 9.- Variation of static-stability parameter C., with cone semivertex angle for various center-of-moment 

locations. = 6.8. 



Figure 10.- L i f t  coefficients of various cones i n  Newtonian flow; Cp,max = 2.0. Coefficients referenced t o  
planform area. 
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Figure 11.- Drag coef f ic ien ts  of various cones i n  Newtonian flow; Cp," = 2.0. Coefficients referenced t o  
planform area.  



Figure 12.- Lift-drag r a t i o  of various cones i n  Newtonian flow; CP,,,= = 2.0. 
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Figure 13.- Normal-force coef f ic ien ts  of various cones i n  Newtonian flow; Cp," = 2.0. Coefficients referenced 
t o  planform area. 



Figure 14.- Axiql-force coefficients of various cones i n  Newtonian flow; 5,- = 2.0. Coefficients referenced t o  
planform area. 



Figure 15.- Pitching-moment coef f ic ien ts  of various cones i n  Newtonian flow; Cp,-  = 2.0. 
t o  planform area; center of moment a t  0.75L. 
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Figure 16.- Lift coefficients of various cones in Newtonian flow; Cp,- = 2.0. Coefficients referenced to base area. 
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Figure 18.- Normal-force coefficients of various cones in Newtonian flow; CP," = 2.0. Coefficients referenced 
to base area. 
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Figure 19.- Axial-force coef f ic ien ts  of various cones i n  Newtonian f low;  CP," = 2.0. Coefficients referenced t o  base area. 



3 
Y 

Figure 20.- Pitching-moment coefficients of various cones i n  Newtonian flow; CP,- = 2.0. Coefficients referenced 
t o  base area; center of moment a t  0.75L. 
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